Production of carbon fibre reinforced polymers is an elaborate process unfree from faults and problems. Problems during the manufacturing, such as plies' overlapping, can cause flaws in the resulting material, so compromising its integrity. Compared with metallic materials, carbon epoxy composites show a number of advantages. Within this framework, ultrasonic tests are effective to identify the presence of defects. In this paper a Finite Element Method approach is proposed for evaluating the most effective incidence angle of an ultrasonic probe with regard to defects' identification. According to our goal, the analysis has been carried out considering a single-line plane emitting source varying the probe angle of inclination. The proposed model looks promising to specially emphasize the presence of delaminations as well as massive breaking in a specimen of multilayer carbon fibre epoxy. Subsequently, simulation parameters and results have been exploited and compared, respectively, for a preliminary experimental in-lab campaign of measurements with encouraging results.
Introduction
Within the framework of the aeronautic industry, the attention is focused on the quality check of the manufacture process, especially for the composite materials used in energy production (nuclear plants), transportation (aeronautic), workpiece manufacturing, and so forth. Composite materials, in particular Carbon Fibre Epoxy (CFRP/E), are also applied to various fields of aeronautic industry. Particularly, multi-layers CFRP/E are the basic product for constructing main parts of modern airplanes, which are subjected to a continuous degradation. Mechanic solicitations and atmospheric agents are responsible for a relatively rapid degradation of airplanes' structures. Therefore, they must be produced in an almost perfect state, in order to not introduce other dangerous risk factors. The manufacture process of CFRPs can induce a number of characteristic flaws, for example, delaminations, inclusions, and porosities. Therefore, it is absolutely necessary to carry out cheap tests of conformity and integrity. In particular Ultrasonic Testings (UTs) are useful for our aims, as it is possible to easily analyze even highly thick metallic as well as nonmetallic materials, with a good resolution and a remarkable operative versatility. The paper is structured as follows. Section 2 describes physical characteristics of CFRP/E materials. Section 3 is an overview of UTs technique. Section 4 presents the Finite Element Analysis (FEA) approach. Section 5 illustrates the results of the proposed approach to detect the kind of defect.
2
Advances in Acoustics and Vibration mechanical properties are offered in terms of high stiffnessto-weight and resistance to weight ratios. The Ashby charts presented in Figure 1 show that fibre-reinforced materials in general, and particularly CFRP/E, have a combination of high mechanical properties in terms of stiffness, strength, and fracture toughness. If compared with engineering alloys, that have specific stiffness similar to CFRP/Es, higher specific strength and higher specific fracture toughness are offered. Moreover, if CFRP/Es are compared to engineering ceramics, a better fracture toughness is evident. Compared with common engineering materials, such as steels or cast irons, fibre-reinforced polymers present lower absolute values for Young modulus and tensile strength, but they offer much better specific properties (they have ten times smaller density). However, in terms of fracture toughness, the values are reasonably similar. The second main advantage offered by fibre-reinforced composites concerns the possibility to prepare customized materials in relation to final product requirements. In composite materials, the shape, the thickness, and the mechanical properties of the specimen can be controlled in order to satisfy specific requirements. Material form and fibre orientations can be chosen in relation to the design process and the material can be minutely controlled, minimizing weight and optimizing overall properties. If the stresses encountered by a load-bearing composite component in service are known, it is possible to design the fibre in order to optimize the stiffness-to-weight and strength-toweight parameters of the component [1] .
As pointed out in the introduction section, in recent years there is a growing interest in the use of low-cost heavy carbon fibre tows in textile composite applications, including MultiLayers Fabrics (MLFs). The mechanical properties of these materials depend on the obtained crystallization. It depends on the peak value of the temperature and the speed during its manufacturing. Generally speaking, a brief final treatment at a temperature of 3000
• C increases significantly the fibres quality, increasing the value of Young modulus. It is possible to increase the strength and elastic modulus of these fibres through a hot-stretching. In this way, we obtain a polycrystalline structure of carbon with the following excellent mechanical properties:
The use of "nude" fibres does not allow to achieve structural parts subjected to a tension variable field. For this reason, the fibres are intimately linked (impregnated) with resins, which constitutes the previously introduced matrix.
The elementary structure of carbon fibres has a diameter range from 7 to 10 μm: typically the structure consists of filaments and about 3000 fibres compose a single filament. The carried out structure can be ordered with parallel filaments in order to form "unidirectional" specimen. Frequently, in aeronautic industry, preimpregnated fibres are usually purchased; its thickness goes from 0.1 to 0.3 mm. In order to have a good resistance with a tension variable field, the prefilled is layered with different orientation, forming a structure called "laminate". The thickness of the laminate goes from 10 to 20-25 mm.
The mechanical properties of a laminate structure are typically lower than "nude" fibres, and in particular: Composite materials are also subject to the presence of defects compromising the structural integrity of the same materials and, consequently, of aeronautic vehicles.
(i) Delamination. separation between two close layers along a horizontal plane; it is due to existing (air) or created (contamination) gas during the polymerization. Grouped little delaminations (resembling to flattened pores), distributed at different depths, are sometimes called microdelaminations.
(ii) Inclusion foreign material (e.g., the one used for the bag) accidentally left in the part during the lay-up.
(iii) Porosity. spherical/elliptical microvoid distributed within a volume or in parallel plane to a lay-up. Generally it is induced by incorrect pressure and temperature gradients during polymerization.
These factors may affect the performance of the composite material. However, the entity of the risk depends on the geometry of structure and on the effective localization and orientation of the defects. Similarly to metal structures, aeronautic composite structures are formed by several components assembled through pasting and screwing. This manufacturing techniques can produce the presence of defects, such as abscission between layers (due to pasting) or drilling (due to screwing). The presence of this kind of defects can cause the reduction of cohesion and adhesion resistance. Thus, the final properties of composite materials are intrinsically linked to the manufacturing process. In this framework, a good compromise between resistance, weight, and cost of aircraft structures is the main goal. In the next section the Ultrasound technique and the Finite Elements approach will be shown in order to inspect multi-layer plates, with oriented layer at 0
• , 90
• respectively, and reinforced with epoxy resin.
The Principle of the Ultrasound Method
When ultrasound method is used for imaging, one or two directional tones are transmitted via a transducer into the air. Subsequently, the reflections of the acoustic waves are recorded and exploited in order to determine various properties of the object under examination. Therefore, the propagation of directed single tone ultrasound is examined. This section presents a detailed background on acoustic propagation, focusing on the propagation of single tone plane waves. For this purpose, it is worthwhile to resume the fundamentals of particle oscillation governing the transmission of acoustic waves through a medium. This section gives a general overview of the physical equations that govern both Acoustic waves are pressure disturbances in the form of vibrational waves that propagate through a compressible medium. These vibrational waves displace the molecules of the medium from their quiescent point, after which a restoring elastic force pulls the molecules back. This elastic force, along with inertia, causes the oscillation of the molecules, allowing acoustic waves propagation.
The oscillatory motion is analogous to the motion of a spring when it is displaced from its rest position, while the propagation of the wave is analogous to the movement of a wave down a piece of string. The most well-known acoustic waves are those of sound. The audible frequency range for an average person is included from 20 Hz to 20 kHz; the range above the audible (greater than 20 kHz) is called the ultrasonic region. When we consider planar waves we mean that each acoustic variable has constant amplitude on any given plane perpendicular to the direction of propagation. This assumption greatly simplifies the derivations of acoustic equations and relationships. It is valid in most experimental situations because wave fronts of any divergent wave in a homogeneous medium become approximately planar, when sufficiently far from the source:
where l is the length of the source, λ is the wavelength of the wave and, R is the measuring distance from the source [2] . The acoustic waves are caused by pressure fluctuations in a compressible mean. In order to develop an equation for acoustic wave propagation, it is possible to begin with the ideal case of propagation through a fluid. A nonviscose fluid is a particular fluid in which the effects of friction due to viscosity can be ignored, meaning that the viscous effects are relatively small compared with the inertial restoring forces of the fluid. It also means that losses due to attenuation through the media can be ignored, making this a lossless equation for acoustic propagation. This equation is often a valid approximation, because, frequently, dissipation is so small that it can be ignored for the frequencies or distances of interest. Using the governing physical equations for sound, the linear wave equation can be derived [3] . These equations are the linear equation of state (2), the linear equation of continuity (3), and the linear equation of force (4), also known as Euler's Equation:
∂ρ ∂t
Combining (2), (3), and (4), it is possible to consider a single differential equation with one dependant variable
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Including the viscosity, the ideal hypothesis is not valid and the Euler's equation must be changed with the inclusion of viscosity effects term to the right side:
where η is the shear viscosity coefficient and η B is the coefficient of bulk viscosity. Combining (2), (3), and (7) is possible to obtain a single differential equation with one dependant variable:
This equation is the linear, dissipative wave equation for the propagation of sound in fluids. Note that it is identical to the lossless equation except for the added third term on the left hand side, that is, the viscous dissipative term.
For a plane wave travelling in the positive x direction, the solution of (8) is defined as follows:
where α is the attenuation coefficient in Np/m which causes the amplitude to decay in an exponential form. Plane waves are a special case in the study of acoustic propagation because they propagate in a single direction and they also have constant amplitude and phase on any plane perpendicular to the direction of propagation. Generally, the majority of waves can be considered as planar when sufficiently far from the source point. The solution for the pressure field p(x, t) of a plane wave is described by (6) . So, the velocity and velocity potential equations of a plane wave can easily be derived. Due to inherent properties of the plane wave, above described, the velocity of the wave differs from pressure by a constant:
where ρ 0 c 0 is defined for a specific acoustic impedance Z 0 of the media. This impedance is analogous to the wave impedance μ/ε of a dielectric medium for electromagnetic waves, or to the characteristic impedance of a transmission line. The velocity potential equation is similarly obtained and it is related to pressure by a complex constant
The linear relationship between pressure and velocity is very useful, especially with the development of equations for acoustic intensity. The instantaneous intensity in W/m 2 of an acoustic wave is
Theoretical approach described in this section has been exploited for the simulation step in order to obtain software measurements. FEA-based approach and data collection will be described in the next section. 
FEA Approach
In this section we show the proposed model. We propose an Ultrasound FEA model in order to evaluate the presence of delaminations in multi-layer plates of carbon fibre reinforced. They are characterized by different layers, oriented at 0
• respectively, and reinforced with epoxy resin [4] . The UTs technique is analysed by a numerical model. Finite Element Method-(FEM) based approach can supply an important support for a preliminary inlab campaign of measurements. The model requires the geometrical and physical definition of the UTs probe and the CFRP/E specimen. The geometry of the system is presented in Figure 2 ; Table 1 resumes geometrical settings.
The proposed approach, based on UT inspection, exploits the acoustic pressure p [5] [6] [7] and has been carried out by a commercial code (Comsol Multiphysics).
In this way we calculated the acoustic pressure p in a general subdomain Ω:
where ρ c = k c Z c /ω represents the complex fluid density; c c = ω/k c represents the complex speed of sound; k c = ω/c s − ia represents the complex wave number; Z c = ρ 0 c s is the complex impedance; ρ 0 is the material density; c s is the speed of the sound; a is the attenuation coefficient; ω is the angular pulsation; p represents the pressure; Q is the dipole source. For simulating the ultrasound wave, cylindrical wave formulation has been exploited in boundaries setting [8, 9] :
where p 0 is the source pressure. All boundaries are modelled with the following conditions: absorbing and reflecting boundary conditions. Reflecting boundary conditions are modelled as Neumann conditions. Absorbing boundary conditions are also modelled as Neumann but with a weak constrain on the time term. In detail, boundaries conditions are set as follows.
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Soft-Boundary Conditions. All boundary perimeter they are set up with this condition since the plate has a finite dimension:
Matched Boundary Conditions. Set to bottom boundary that represents the interaction of the UTs wave with the bottom of examined plate: The line source is modelled with a length equal to 0.6 mm. The final results of simulations are shown in Figures  3, 4 , 5 and 6.
Simulations Results and In-Lab Measures
According our FEM approach, we obtained the useful information, resumed by Table 4 , in order to detect the presence of defect during in-lab experimentations. Figure 7 ) in order to validate the results of our FEM approach, with the proposed UTs probe. On the basis of simulations arrangements, the measurements have been carried out with a fixed frequency value (5 MHz). During the scanning along x-axis the maximum of the UTs signal is placed under the probe, and decreasing away from the source [10] . Experimentations confirm the FEA simulations.
Conclusions
In this paper, a Finite Element Method (FEM) approach has been proposed. Single-line plane waves emitting sources have been modelled in order to investigate the most effective incidence angle with regard to defects' identification.
According to the FEM approach performances, it is possible to detect the presence of a delamination in the analysed structure. The exploited UT-based experimental methodology has satisfactory confirmed the model increases the ability of detecting very small delaminations in CFRP/Epoxy. This ability has been confirmed from the results obtained by experimental analysis. The UTs signal propagates inside the specimen. The interaction of the wave with the defect causes a reflection of the signal that generated the defect peak. Varying the angle of the probe, there is a different kind of detection of the flaw, as shown in Figure 6 . From the numerical results, it is possible to note that the best resolution of defect detection is obtained by a probe inclination equal to 45 degree. Our FEA approach has been subsequently and successfully validated with in-lab measurements.
In conclusion, a future work would be predicting signal affected by noise for the probe used during simulations, that is, reduce the presence of echoes. Authors are actually engaged in this direction.
